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Abstract 
 
Ailanthus altissima (Simaroubaceae) is an invasive tree from China that has 
spread over much of North America.  A number of characteristics contribute to its 
success, notably tolerance of nutrient-poor soils, rapid growth rates, prolific production of 
wind dispersed seeds, escape from predation, and the production of allelopathic 
compounds.  That Ailanthus altissima frequently co-occurs with legumes in nutrient poor 
soils alludes to a possible relationship between Ailanthus altissima and nitrogen fixing 
legumes.  Legumes increase the biospheres supply of bio-available nitrogen through 
facilitating the fixation of atmospheric nitrogen within structures on roots called nodules.  
Thus, increased nodulation of legumes caused by Ailanthus altissima may explain its 
ability to grow rapidly on poor soil.  Previous unpublished studies reported increased 
nodulation in Trifolium pratense but could not conclude whether increased nodulation 
was due to Ailanthus altissima removing nutrients from the soil or adding soil leachates.   
I designed a greenhouse experiment to determine if Ailanthus altissima affects 
Trifolium pratense total biomass, shoot to root ratio, in addition to any effects on 
nodulation of Trifolium pratense.  The experimental design included fertilizer 
applications to both Ailanthus altissima and Trifolium pratense to determine if Ailanthus 
altissima impacted Trifolium pratense by altering nutrient availability or by releasing 
compounds into the soil.  Ailanthus altissima seedlings were grown in soil and leachates 
were collected weekly by pouring water through the soil.  The collected leachates were 
then applied to Trifolium pratense seedlings weekly over an eight-week period.  I 
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predicted that if Ailanthus altissima soil leachates increase nodulation of Trifolium 
pratense then increased nodulation would have occurred independent of Trifolium 
pratense’s access to nutrients.  Indeed, Trifolium pratense treated with Ailanthus 
altissima soil leachates were more than twice as likely to be nodulated regardless of any 
fertilizer treatment applied to either Trifolium pratense or Ailanthus altissima.  Based on 
the results, I was able to conclude that increased rates of Trifolium pratense nodulation 
was due to the addition of Ailanthus altissima soil leachates and not due to nutrient 
interactions. Further, total biomass of Trifolium pratense was not consistently influenced 
by application of Ailanthus altissima soil leachates; however, a significant interaction 
term between the application of Ailanthus altissima soil leachates and fertilizing the 
Ailanthus altissima suggests a link between nutrient resources and allelopathic 
interactions.    
Two gene expression experiments were performed to explicate the mechanism by 
which Ailanthus altissima increased nodulation of Trifolium pratense. I monitored 
changes in the transcript abundance of two Trifolium pratense genes encoding target 
enzymes – chalcone synthase (CHS) and chalcone isomerase (CHI) – which are integral 
in the formation of flavonoid signaling molecules that solicit nitrogen-fixing bacteria:  
rhizobia.  The first experiment was designed to confirm the role of the target enzymes by 
monitoring transcript abundance in Trifolium pratense roots grown in nitrogen limited 
conditions.  Using quantitative reverse transcription polymerase chain reaction (qRT-
PCR), I determined that nitrogen-limited conditions tended to cause an increase in levels 
of CHS and CHI transcript, presumably reflecting their role in the formation of rhizobia 
soliciting flavonoids. 
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The second gene expression experiment monitored transcript abundance of CHS 
and CHI in root tissues of Trifolium pratense treated with Ailanthus altissima soil 
leachates.  Considering the increased nodulation observed in the greenhouse portion of 
this study, I expected Ailanthus altissima soil leachates would cause Trifolium pratense 
roots to express increased levels of CHS and CHI transcripts.  Contrary to expectation, 
qRT-PCR revealed that Ailanthus altissima soil leachates caused levels of CHS transcript 
to decrease at all harvest times and CHI transcript abundance decreased at all harvest 
times except at six days after treatment.  The decreased transcript abundance for CHS and 
CHI in response to Ailanthus altissima soil leachates may indicate that increased 
nodulation of Trifolium pratense exposed to Ailanthus altissima may be a response to 
unsolicited rhizobia.  I propose that Ailanthus altissima is not inducing increased nitrogen 
fixation in neighboring legumes, but is instead altering the relationship between legumes 
and microbes – both parasitic and symbiotic.  Based on the importance of the flavonoid 
pathway in regulating microbial relationships, any decrease in production of CHS and 
CHI could lead to a compromised ability of Trifolium pratense to interact with pathogens.  
Both plant-plant and plant-microbe interactions are site and species specific; however, 
results from my experiments further implicate allelopathy as a factor aiding the 
invasiveness of Ailanthus altissima. 
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Introduction 
 
 Biological invasions are a critical driver of ecosystem degradation and the global 
decline of biodiversity, making the study of invasive species competition vital to 
conservation efforts (Vitousek et al. 1996; Kennedy et al. 2002). Whenever a non-native 
species colonizes new communities there are a host of novel interactions between the 
invader and the invaded community.  Such interactions largely determine the structure of 
communities as do a range of abiotic conditions.  The complexity of interactions requires 
an invading plant to have a suite of characteristics to enable it to become established.  
The dispersal of abundant and viable propagules, rapid growth, early maturation, 
tolerance of disturbance, escape from predators and pathogens, a capacity to alter the 
environment, and allelopathic interactions are traits shared by many invasive species. 
Ailanthus altissima (Miller) Swingle (tree of heaven [Simaroubaceae], hereafter 
referred to as Ailanthus) has become an invasive tree of concern in the United States 
(Little 1974; Heisey 1990b; Lawrence et al. 1991; Czarapata 2005; Gómez-Aparicio and 
Canham 2008).  This native of China was originally introduced to North America in 1784 
by William Hamilton, a plant enthusiast in Philadelphia.  It was later brought to western 
states by Chinese immigrants that used the plant for medicinal purposes (Little 1974; Hu 
1979; Heisey 1990a).  Ailanthus is a short lived, rapidly growing tree that can reach 
maturity in as little as 12 years and has the potential to annually produce more than 
300,000 viable seeds (Bory and Clair-Maczulajtys 1980).  The seeds are lightweight and 
are born on twisted samaras, allowing for wind dispersal over great distances (Miller 
 2 
 
1990; Dirr 1998; Landenberger et al. 2005).   High germination rates in a variety of 
habitats and conditions – especially disturbed soils – and prolific asexual reproduction 
through clonal sprouts has led to the formation of dense monocultures that inhibit the 
growth of native species (Mergen 1959; Hu 1979; Kota et al. 2007).  Until recently, 
Ailanthus was presumed to be confined to disturbed or urban areas but it is now found in 
mature second-growth forest and in old-growth forest canopy gaps (Kowarik 1995; 
Knapp and Canham 2000).  As a consequence of its efficient dispersal and rapid growth, 
Ailanthus now occurs in a range of habitats throughout most of the lower 48 states, 
Hawaii, Mexico, and eastern Canada (Hu 1979; Newton 1986; USDA 2011). 
Ailanthus’ distribution over a large geographic area requires of it the ability to 
compete and survive in a wide range of habitats amid competition from the established 
native flora.  Ailanthus’ production of anti-herbivory compounds and the lack of 
predators tolerant of such compounds allow it a competitive advantage over natives that 
must allocate vital resources for defense (Maron and Vila 2001; Keane and Crawley 
2002; Mitchell and Power 2003).  Fitness effects of competition among plants, 
particularly between native and non-native invasive species, can be exacerbated by insect 
herbivores in the community (Lau and Strauss 2005).  Though a Verticillium wilt is 
currently being investigated as a potential biocontrol (Schall and Davis 2009), Ailanthus 
is largely free from significant pathogens in its introduced range.   
Direct competition and allelopathic interactions with native plants are also likely 
major components of Ailanthus’ success.  Many species alter the biochemistry of invaded 
sites to create conditions that facilitate invasion.  Soils of sites invaded by Ailanthus have 
increased pH, nutrient availability and rates of nutrient cycling as compared to ambient 
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levels.  These changes are largely driven by leaf litter and have the capacity to modify 
competitive hierarchies among species within a community (Gómez-Aparicio and 
Canham 2008).  Modifications to ecosystem processes can potentially create positive 
feedback loops favoring the growth and development of juvenile Ailanthus and reducing 
the fitness of native species (Gómez-Aparicio and Canham 2008).  In addition to altering 
nutrient dynamics, Ailanthus directly interferes with neighboring plants through 
allelopathic interactions. 
Allelopathy refers to the negative impact one plant has on another through 
biochemical interactions and is a mechanism employed by some invasive species to gain 
a competitive advantage by reducing the fitness of neighboring plants.  Ailanthone, a 
compound produced in the leaf tissues of Ailanthus, has demonstrated phytotoxic activity 
on more than 35 broadleaved and 34 coniferous species (Mergen 1959; Heisey 1990a; 
Lin et al. 1995; Heisey 1996; Heisey and Heisey 2003).  Sites invaded by Ailanthus have 
levels of phytotoxic compounds – released through the roots and leaf litter – at sufficient 
concentrations to negatively affect neighboring plants (Heisey 1990b; Lawrence et al. 
1991; Gómez-Aparicio and Canham 2008).  The large geographic extent of Ailanthus’ 
invasion leads to interactions with many species and results in a host of species and site 
specific responses to Ailanthus’ allelopathic potential. 
One of my advisors, Gary K. Greer, Ph.D., observed that rapidly growing 
Ailanthus frequently co-occurred with legumes such as crown vetch and clovers 
(Fabaceae).  Increasing nodulation in neighboring legumes is a potential strategy for 
overcoming nitrogen-limited conditions on degraded sites and such observations have led 
to a series of investigations regarding a potential connection between the impacts of 
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Ailanthus on nitrogen-fixing legumes and its ability to grow rapidly on nutrient poor 
soils.  Greer predicted that if Ailanthus is benefiting from an interaction with neighboring 
legumes, then legume nodulation would be affected.   
Nitrogen fixation in legumes occurs through a symbiosis with soil bacteria, 
particularly the genera Azorhizobium, Bradyrhizobium, Mesorhizobium, Rhizobium, and 
Sinorhizobium, collectively referred to as rhizobia (Sawada et al. 2003).  Many species of 
legumes will incorporate rhizobia into root nodules under nitrogen-limited conditions 
(Verma 1992; Coronado et al. 1995).  Low-oxygen conditions are provided within the 
root nodule by leghemoglobin – a protein with subunits from both the plant and bacterial 
symbionts that allows the bacterial enzyme nitrogenase to catalyze the reduction of 
atmospheric dinitrogen into ammonium (Stougaard 2000).  The plant provides 
photosynthates and helps to increase fitness of participating rhizobia (Denison and Kiers 
2004).  This symbiotic relationship is important as it is responsible for the addition of 
approximately 96 x 10
12
 g of nitrogen into the biosphere annually (Schlesinger 1997).   
Rhizobia are solicited through the release of flavonoids, a class of phenolic 
compounds with several additional functions including pigmentation, protection from UV 
light and antimicrobial agents (Verma 1992; Coronado et al. 1995; Winkel-Shirley 2001).   
Flavones are the specific form of flavonoid that act as transcriptional activators, inducing 
expression of the nod genes within the bacteria, leading to the formation and release of 
nodulation factor (Nod factor) (Stougaard 2000).  The Nod factor is a signal molecule 
perceived by the host plant’s root hairs upon which a signal-transduction pathway is 
induced; ultimately leading to the invasion of rhizobia and formation of a root nodule in 
root cortical cells (Tirichine et al. 2007).   
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 Dock and Greer (2005, unpublished) found that Trifolium pratense L. (red clover, 
[Fabaceae], hereafter referred to as Trifolium) treated with Ailanthus soil leachates were 
more likely to be nodulated – 29 out of 29 individuals – than the control groups receiving 
leachates from soil without Ailanthus where only one Trifolium was nodulated.  Their 
experiment did not include application of fertilizer and they were unable to determine if 
nutrient differences in the soil leachate source was the cause of differences in nodulation.  
Unanswered was whether nodulation was stimulated by Ailanthus removing nutrients 
from the soil or if it was stimulated by exudates in Ailanthus soil leachates. 
I designed a greenhouse experiment to resolve these questions and I predicted 
that: (1) if Ailanthus was increasing nodulation through the removal of nutrients, then 
fertilized Trifolium exposed to Ailanthus will have the same probability of being 
nodulated as fertilized Trifolium that is not exposed to Ailanthus; and (2) conversely, if 
components present in Ailanthus soil leachates stimulate nodulation, then all groups of 
Trifolium exposed to Ailanthus leachates should have an increased likeliness of being 
nodulated, regardless of nutrient availability.   
 I also examined a potential mechanism underlying the observed increase in 
nodulation by monitoring changes in transcript abundance from target Trifolium genes 
involved in flavonoid production.  Chalcone synthase (CHS) initiates the first step of 
flavonoid production, catalyzing a condensation of 4-coumaroyl-CoA with 3 malonyl-
CoA molecules into chalcone – the molecule from which the diverse flavonoid end 
products are derived (Stafford 1990; Coronado et al. 1995; Yu et al. 2006).  Following 
this reaction, chalcone isomerase (CHI) performs the stereospecific isomerization 
conversion of tetrahydroxychalcone into (2S)-naringenin, which is the immediate 
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precursor of many downstream flavonoids – including flavones (Shimada et al. 2003; 
Leonard et al. 2006; Yu et al. 2006).  Any increase of Trifolium nodulation in response to 
Ailanthus soil leachates should be accompanied by increased levels of CHS and CHI 
transcripts in Trifolium roots since they encoded enzymes regulate production of a 
flavonoid critical for the initiation of nitrogen-fixing root nodules.   
In summary, the greenhouse experiment was designed to investigate whether 
Ailanthus increases nodulation in Trifolium by exuding compounds into the soil or by the 
removal of nutrients from the soil.  The gene expression experiments were designed to 
monitor transcript abundance of genes encoding key enzymes involved in initiating the 
formation of nodules.  To my knowledge, no other invasive species has demonstrated a 
capacity to increase nodulation in legumes.
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Chapter 1:  Greenhouse Experiment 
 
Introduction 
A capacity for Ailanthus to increase nodulation in neighboring legumes may 
potentially explain its ability to grow rapidly in impoverished soils.  Dock and Greer 
(2005) investigated the potential for Ailanthus to increase nodulation in Trifolium by 
pouring water through soil supporting Ailanthus seedlings and applying the collected 
leachates directly to Trifolium.  Every individual Trifolium treated in this way exhibited 
reduced total biomass and was nodulated while only one Trifolium out of 30 was 
nodulated when treated with leachates from soil without Ailanthus.  Their experiment 
failed to determine whether Ailanthus soil leachates stimulated nodulation of Trifolium or 
if nodulation was stimulated by a reduced nutrient content of Ailanthus soil leachates as 
compared to leachates from soil without Ailanthus.  To resolve this, I performed a similar 
experiment that included the manipulation of chemical fertilizer directly to Ailanthus and 
Trifolium in order to overcome any potential differences in the nutrient content of the two 
leachate sources.  I predicted that if the mechanism for increased nodulation is the 
removal of nutrients by Ailanthus, then fertilized Trifolium should be equally likely to be 
nodulated, regardless of exposure to leachates from Ailanthus.  However, if Ailanthus soil 
leachates are stimulating nodulation, then Trifolium receiving leachates containing 
Ailanthus exudates should have a greater probability of being nodulated regardless of 
fertilizer treatment.  In addition, a direct application of fertilizer to Ailanthus allowed me 
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to determine if nutrient availability altered its capacity to impact Trifolium.  I also 
monitored Ailanthus’ impact on Trifolium total biomass, nodule to total biomass ratio, the 
number of nodules on nodulated plants, and mean nodule biomass.   
Methods 
 
Experimental Design 
 
Ailanthus seeds were collected from three separate trees, one from Grand Rapids, 
MI, another from Athens, OH, and a third from Denver, CO.  Seeds from trees located in 
different regions ensured any observed effects were not due to an individual or regional 
peculiarity.  Ailanthus seedlings were grown in Deepot growing containers (6.4 cm 
diameter x 25 cm tall, Stuewe and Sons, Inc., Tangent, OR).  Two Ailanthus seeds from 
the same source tree were planted in each Deepot containing a mix of one part topsoil 
(Al-Par Peat Co., Elsie, MI), one part sand (Flat Rock Bagging, Flat Rock, MI), one part 
coarse perlite (PVP Industries, Inc.), and one part sphagnum peat moss (Premier 
Horticulture, Inc., Red Hill, PA).  The mix was homogenized by hand and moistened 
before being added to pots.  After Ailanthus seeds were added, they were covered with 
approximately 1 cm of mix and thoroughly watered with non-chlorinated tap water (pH 
6.7).  Deepot racks were filled to half capacity with 10 pots in each to ensure that the 
plants were not too densely arranged.  Within two weeks of germination, each pot was 
thinned to one plant per pot by removing the smallest seedling.  Seeds from Denver, CO 
and Athens, OH had the highest rates of germination (>85%), allowing us to obtain the 
target number of 40 plants from these locations.  Seeds from Grand Rapids, MI had poor 
germination (~ 28%), yielding only 22 individuals that survived the duration of the 
project.  No reason for this difference in germination success could be determined.  After 
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the Ailanthus seedlings had developed the first true leaves, liquid fertilizer was applied 
weekly.  Dyna-Gro Grow solution (NPK 7-9-5, Dyna-Gro Industries, Richmond, CA) 
was added to de-ionized (DI) water to a concentration of 250 ppm and a pH of 6.5.     
 The Ailanthus seedlings were grown for 16 weeks until the plants were about 25 
cm tall.  At that point, two groups were established with an identical number of 
representatives from each of the three seed sources for a total of 51 seedlings (20 from 
Athens, OH, 20 from Denver, CO, and 11 from Grand Rapids, MI) in each Ailanthus 
leachate source group (Figure 1).  One group of Ailanthus was to be deprived of nutrients 
and received only 100 ml of DI water every other day for the remainder of the 
experiment.  The other group of Ailanthus continued to receive fertilizer once a week and 
was watered with 100 ml of DI water every other day.  These two groups allowed us to 
determine if nutrient availability impacted Ailanthus’ ability to influence growth and 
nodulation in Trifolium.  For a balanced experimental design, we treated the soil mix in 
which no Ailanthus seedlings were grown as a control to compare how leachates drawn 
both from soil with and without Ailanthus influenced growth in Trifolium.  
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Figure 1:  Preparation of Ailanthus seedlings.  An identical arrangement 
was used for soil without Ailanthus.     
 
 
Eight weeks after cessation of fertilizer to half of the Ailanthus groups, nutrient 
limitation was clearly expressed by markedly yellowed leaves and reduced growth rates.  
At this point, Trifolium seeds were germinated.  Seeds were sterilized by washing with a 
half bleach and half water solution with one drop of Tween 20 (Sigma-Aldrich Co., Saint 
Louis, MO) and agitated for 15 minutes at 80 rpm on a DS-500 orbital shaker (VWR Inc., 
Westchester, PA).  The seeds were then rinsed 10 times with DI water.  Several washed 
Trifolium seeds were then planted in 10 cm x 10 cm square black pots with an identical 
soil mixture to that supporting the Ailanthus.  Pots containing Trifolium were thinned 
daily so that one seedling remained per pot after one week.  Some of the Trifolium groups 
experienced mortality and did not reach the target of n = 30 replicates per treatment 
group (Figure 2).  A three-way ANOVA revealed that treatment combination was not the 
cause of mortality.  Trifolium were arranged in a completely randomized design and 
grown in a greenhouse for eight weeks. Half of the Trifolium groups were directly 
fertilized with Dyna-Gro Grow solution at a concentration of 250 ppm to ensure that any 
differences in nodulation were not a result of lower nutrient content in the leachates 
Germinate Ailanthus; 
grow 16 weeks with 
weekly fertilization  
Continue fertilization 
Cessation of fertilization 
8 weeks 
Germinate Trifolium 
and begin treatment 
with exudates 
8 weeks 
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collected from soil supporting Ailanthus.  The experiment included a factorial 
arrangement of treatments, including two levels for each treatment (with and without) of 
Ailanthus leachate application, leachate source fertilization, and Trifolium fertilization 
(Figure 2). 
 
 
 
 
Figure 2:  Experimental design.  Boxes represent leachate source groups from 
which water was collected and applied to Trifolium.  Source groups were composed 
of soil with or without an Ailanthus seedling.  Circles represent groups of Trifolium 
treated with water collected from one of the four leachate sources.   
 
 Trifolium was treated with water collected from the corresponding leachate source 
group (Figure 2).  Treatment was initiated one day after planting of Trifolium and 
repeated every seven days for a total of seven treatment applications.  Treatment water 
from each leachate group was obtained by watering each replicate pot with 150 ml of DI 
water and collecting the leachate.  Each soil leachate source produced roughly 80 ml per 
Deepot.  Leachate from each source group was pooled and applied 50 ml at a time to 
corresponding individual Trifolium.  Trifolium groups receiving direct fertilization 
Trifolium 
Unfertilized 
n = 30 
Trifolium 
Fertilized 
n = 30 
Trifolium 
Unfertilized 
n = 28 
Trifolium 
Fertilized 
n = 29 
Trifolium 
Unfertilized 
n = 30 
Trifolium 
Fertilized 
n = 29 
Ailanthus: 
Unfertilized 
 
Trifolium 
Unfertilized 
n = 30 
Trifolium 
Fertilized 
n = 28 
Ailanthus: 
Fertilized 
 
Soil without 
Ailanthus: 
Unfertilized 
 
Soil without 
Ailanthus: 
Fertilized 
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received fertilizer three days after each treatment and the Trifolium not receiving fertilizer 
was watered with 50 ml of non-chlorinated tap water.   
 
Harvesting Plant Material 
 Trifolium were harvested seven days after the final application of leachates.  Soil 
was removed and sieved to recover all root material.  Using dissecting microscopes, 
nodules were counted and excised from each plant.  Shoot, root, and nodule biomass of 
each individual Trifolium were quantified using a Mettler M5 balance (Mettler 
Instrument Corp., Hightstown, NJ) after drying at 60 ˚C for 48 hours.   
 
Data analysis 
 Data was analyzed using a three-way ANOVA (Tables I, II, IV and V, Appendix) 
except when analyzing proportion of nodulated Trifolium.  Total biomass and individual 
nodule biomass data was log transformed to meet assumptions of normality and equal 
variance.  The remaining reported data met assumptions and were not transformed.  A 
binary logistic regression was used to analyze the proportion of nodulated plants because 
the dependent variable was dichotomous (nodules present, yes or no) (Table III, 
Appendix).   
 
Results 
 
 Treatment with Ailanthus soil leachates significantly influenced many, but not all 
aspects of Trifolium development (Table 1). Trifolium total biomass was influenced by 
Ailanthus only through a two-way interaction term between leachate source fertilization 
and application of Ailanthus soil leachates (Figure 3A).  Total biomass also significantly 
increased when Trifolium was fertilized directly.  Application of Ailanthus soil leachates 
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did not influence shoot to root ratio, although shoot to root ratio of fertilized Trifolium was 
nearly double that of unfertilized Trifolium (Figure 3B). 
 
Table 1:  Significance probabilities for statistical analysis of variables in the greenhouse 
experiment.  Significant p-values (p < 0.05) are given in bold face.  The three treatment factors 
applied to the Trifolium:  1) Treated with leachates from Ailanthus or receiving leachates from 
soil not supporting a plant (AA); 2) leachate source fertilized or unfertilized (S); and 3) 
Trifolium directly fertilized or not (F).  Tables for each statistical analysis are available in the 
appendix.   
 
             
Variable AA S F AA x S AA x F S x F AA x S x F 
 
Total biomass 
a
 0.401 0.926 0.000 0.000 0.407 0.000 0.613 
 
 
Shoot to root ratio 
a
 0.578 0.239 0.000 0.910 0.777 0.030 0.165 
 
Proportion of 
nodulated plants 
b
 0.018 0.160 0.313 0.032 0.509 0.298 0.340 
 
Nodule biomass to 
total biomass ratio 
a
 0.005 0.653 0.840 0.678 0.500 0.693 0.298 
 
Average nodule 
biomass 
a
 0.264 0.537 0.018 0.678 0.445 0.031 0.039 
   a
 Three-way ANOVA  
   b
 Binary Logistic Regression 
 
 
 
  
Source of Variation 
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Figure 3:  Total biomass (A) and shoot to root ratio 
(B) for treatment groups of Trifolium.  S indicates 
leachate source fertilization (+ : fertilized, - : 
unfertilized), F : Trifolium fertilization (+ : fertilized, - : 
Trifolium unfertilized).  Error bars represent one 
standard error. 
 
 
The effects of Ailanthus soil leachates on Trifolium total biomass depends on 
specific treatment combinations.  The significant two-way interaction term between 
exposure to leachates and source fertilization (AA x S) indicates that soil leachates from 
Ailanthus grown in a nitrogen-limited environment decreased total biomass of Trifolium as 
compared to the control groups of Trifolium receiving leachates from soil without 
Ailanthus.  Conversely, the application of soil leachates from fertilized Ailanthus led to 
increased total biomass of Trifolium as compared to the control groups (Figure 4).  Thus, 
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the influence of Ailanthus soil leachates on Trifolium’s total biomass was dependent on 
whether or not the Ailanthus was fertilized.   
 
 
 
 
 
Figure 4:  Two-way interaction (AA x S) effects on total 
Trifolium biomass.  Error bars represent one standard error. 
 
 
Trifolium treated with leachates from Ailanthus were 3.75 times more likely to be 
nodulated than Trifolium that did not receive Ailanthus soil leachates (Figure 5A).  There 
was also a significant two-way interaction term between source fertilization and 
application of Ailanthus soil leachates (AA x S) indicating that Trifolium treated with soil 
leachates from fertilized Ailanthus was nearly seven times more likely to be nodulated 
compared to Trifolium treated with  leachates from soil without Ailanthus (Figure 6).  
The highest probability of Trifolium being nodulated occurred when leachates from 
fertilized Ailanthus were applied to unfertilized Trifolium. The group of Trifolium with 
the fewest nodulated individuals was not fertilized and received leachates from fertilized 
soil without Ailanthus.   
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In addition to increasing the probability of nodulation, Ailanthus soil leachates 
caused Trifolium to have 25% more nodules per plant – though I was unable to test for 
significance (Figure 5B).  Furthermore, six Trifolium that received Ailanthus soil 
leachates had pink nodules.  The pink hue indicates the presence of leghemoglobin and 
the capacity for nitrogen fixation and was only observed on Trifolium receiving Ailanthus 
soil leachates. 
 
   
    
Figure 5:  Proportion of nodulated Trifolium (A) 
and mean number of nodules on Trifolium with 
nodules.  S indicates leachate source fertilization (+ : 
fertilized, - : unfertilized), F : Trifolium fertilization (+ : 
fertilized, - : Trifolium unfertilized).  Error bars 
represent one standard error. 
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Figure 6:  Two-way interaction (AA x S) effects on 
proportion of nodulated Trifolium.   
 
 
The application of Ailanthus soil leachates always increased the nodule biomass 
to total biomass ratio of Trifolium (Figure 7A).  Soil leachates from unfertilized Ailanthus 
applied to unfertilized Trifolium caused a doubling of the nodule biomass to total biomass 
ratio, the largest of such increases (Figure 7A).  Ailanthus’ impact on total biomass can 
be ruled out as the cause for increasing the nodule biomass to total biomass ratio as there 
was no uniform decrease in total biomass of Trifolium as a result of exposure to Ailanthus 
soil leachates (Figure 3A).  Further, because the mean biomass of individual nodules was 
not significantly increased as a result of exposure to Ailanthus soil leachates, I conclude 
that the increase of the nodule biomass to total biomass ratio observed in response to 
Ailanthus soil leachates was due to an increase in the number of nodules on Trifolium.   
Ailanthus soil leachates and direct fertilizing of Trifolium both tended to increase 
the mean individual nodule biomass – though the increase was not statistically significant 
(Figure 7B).  Application of Ailanthus soil leachates caused the greatest increase of mean 
nodule biomass (50% increase) when both Trifolium and Ailanthus were fertilized 
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(Figure 7B).  A significant three-way interaction term between the application of 
leachates, fertilization of the leachate source and direct fertilization of the Trifolium 
indicated that, in general, the application of Ailanthus leachates increased biomass of 
individual nodules; however, when the leachate source was fertilized but Trifolium 
unfertilized, the relationship was reversed (Figure 7B).  Therefore, the impact of 
Ailanthus soil leachates on nodule biomass depends on both Ailanthus’ and Trifolium’s 
access to nutrients.   
 
 
            
 
 
Figure 7:  Nodule biomass to total biomass ratio among 
nodulated plants (A) and individual nodule biomass (B) 
for treatment groups of Trifolium.  S indicates leachate 
source fertilization (+ : fertilized, -: unfertilized), F : 
Trifolium fertilization (+ : fertilized, - : Trifolium 
unfertilized).  Error bars represent one standard error. 
 
0.00000 
0.00001 
0.00002 
0.00003 
0.00004 
B 
0.000 
0.001 
0.002 
0.003 
0.004 
0.005 
Ailanthus Leachates 
No Ailanthus  A 
N
o
d
u
le
 b
io
m
a
ss
 t
o
 t
o
ta
l 
b
io
m
a
ss
 r
a
ti
o
 
M
ea
n
 i
n
d
iv
id
u
a
l 
n
o
d
u
le
 b
io
m
a
ss
 (
g
) 
       S+F+          S-F+           S+F-           S-F- 
 19 
 
Discussion 
 
 Trifolium treated with Ailanthus soil leachates were more than twice as likely to 
be nodulated as Trifolium not exposed to Ailanthus, regardless of any other treatment.  To 
my knowledge, this is the first report of a plant stimulating nodulation in legumes 
through allelopathic interactions.  Because nutrient levels also influence nodulation in 
legumes (Coronado et al. 1995), it was critical to rule out nutrient differences in the 
leachate water applied to Trifolium as the mechanism for increased nodulation.  If 
Ailanthus increased nodulation through removal of nutrients, then I expected that 
Ailanthus soil leachates would not stimulate nodulation of fertilized Trifolium.  My 
experiment confirmed that Ailanthus soil leachates significantly increased the probability 
of Trifolium being nodulated and the nodule biomass to total biomass ratio regardless of 
fertilizer application to Trifolium.  The number of nodules on nodulated plants also 
increased in response to Ailanthus soil leachates, though I could not test for significance.  
While the application of Ailanthus soil leachates increased nodulation in Trifolium, there 
was no corresponding increase in Trifolium’s total biomass – suggesting no allometric 
relationship between increasing biomass and increasing nodulation.  The groups of 
Trifolium most likely to be nodulated were those treated with soil leachates from 
fertilized Ailanthus, highlighting an interaction between allelopathy and competition for 
resources.   
The connections between nodulation, allelopathy, and resource availability were 
further explored by analyzing how fertilized Ailanthus altered Trifolium growth and 
allocation of biomass.  There was a significant two-way interaction term between the 
fertilization of the leachate source and the application of Ailanthus soil leachates.  
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Fertilized Ailanthus generated soil leachates that increased Trifolium biomass compared 
to Trifolium exposed to unfertilized Ailanthus.  The opposite was true if Trifolium was 
treated with leachates from soil without Ailanthus whereby fertilizing the leachate source 
caused a corresponding decrease in Trifolium biomass.  This converse relationship was 
driven by the presence of Ailanthus and alludes to the mediating effects of resource 
availability on plant-plant interactions.  A plastic response to variable nutrient conditions 
suggests Ailanthus releases allelopathic compounds only when necessary.  Under limited-
nutrient conditions, Ailanthus may invest more in the production of phytotoxic 
compounds as a means to gain competitive advantage for acquiring resources.  Ailanthus 
may diminish its production of such compounds when nutrients are abundant in order to 
focus energy on competitive growth.  Alternatively, the reversal of Trifolium total 
biomass in response to fertilized Ailanthus may be due to increased microbial activity in 
the fertilized soil.  Soil microbes potentially break down active allelopathic compounds 
and the addition of fertilizer may increase microbial activity, thereby accelerating the 
metabolism of such allelopathic compounds (Kourtev et al. 2002; Wolfe and Klironomos 
2005).  The variability of Ailanthus’ influence over Trifolium signifies the importance of 
nutrient resources on allelopathic interactions. 
The results from my experiment show that Ailanthus has the capacity to influence 
other plants around it, though not always in the ways I had predicted.  Lawrence et al. 
(1991) and Heisey (1990a) demonstrated the allelopathic potential of Ailanthus to 
decrease root development in Lacuta sativa L. and Lepidium sativum L., respectively.  
Thus, I expected that the shoot to root ratio of Trifolium would be increased by the 
application of Ailanthus soil leachates.  However, based on results from my greenhouse 
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experiment, I concluded that Trifolium shoot to root ratios were not significantly 
impacted as a result of treatment with Ailanthus soil leachates.  The lack of a change in 
Trifolium shoot to root ratio as a response to Ailanthus soil leachates further reinforces 
the significance of increased nodulation as a phenomena independent of Ailanthus impact 
on Trifolium total biomass and biomass allocation.   
Many plants utilize a molecular defense response involving increased expression 
of genes along the phenylpropanoid pathway (Zabala et al. 2006).  I propose that 
Trifolium mitigated changes in biomass allocation through this secondary metabolic 
pathway that is also involved in nodulation.  The phenylpropanoid pathway generates an 
array of molecules, including flavonoids – a class of phenolic compounds involved in 
many aspects of plant functioning including plant defense and early signaling in legume-
rhizobia symbiosis (Winkel-Shirley 2001; Popovici et al. 2010).  Legumes may possess a 
capacity for detoxifying allelopathic compounds through the release of flavonoids by root 
tissues (Alford et al. 2009).  Therefore, Trifolium may increase flavonoid levels to reduce 
the influence of allelopathic exudates from Ailanthus.  If the production of flavonoids is 
augmented as a defense mechanism against allelopathic compounds, then increased 
nodulation may be a direct result of a legume defense response.   
The particular response of Trifolium to Ailanthus soil leachates may be species 
specific as different legumes respond variably to phytotoxic compounds of invasive 
species (Lawrence et al. 1991; Alford et al. 2009).  This is the first observation of 
Ailanthus – or any species – stimulating nodulation of a legume.  Ailanthus may be 
eliciting a favorable response in neighboring legumes that leads to more nodulation and 
in turn, nitrogen fixation, thereby allowing Ailanthus to better colonize infertile habitats.  
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The functionality of the nodules in my experiment was not confirmed.  I cannot be sure 
that nitrogen fixation was increased as a result of increased nodulation.  However, pink 
nodules only occurred on six individual Trifolium that received Ailanthus soil leachates.  
The pink hue indicates the presence of leghemiglobin which is required to create 
anaerobic conditions necessary for nitrogen fixation (Khetmalas and Bal 2005; Madsen et 
al. 2010).  Regardless of the nitrogen-fixing capacity of the nodules, the results from my 
study are promising because they indicate that Ailanthus may have marketable 
characteristics as a plant that can generate herbicidal compounds that also stimulate 
legume nodulation.  My subsequent research investigated a mechanism for increased 
nodulation by analyzing how Ailanthus soil leachates alter transcript abundance of genes 
encoding enzymes that regulate flavonoid production.  
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Chapter 2: Assessment of CHS and CHI Transcript Abundance 
Introduction 
In the nodulation experiment, I confirmed that Ailanthus soil leachates increased 
nodulation of Trifolium.  To investigate a potential physio-molecular mechanism, I 
conducted two gene expression experiments that monitored transcript abundance of genes 
encoding two enzymes critical for flavonoid synthesis.  In the first experiment, I used 
quantitative reverse transcriptase real-time polymerase chain reaction (qRT-PCR) to 
monitor transcript abundance of chalcone synthase (CHS) and chalcone isomerase (CHI) 
to confirm their involvement in the recruitment of nodule forming rhizobia.  I predicted 
increased transcript abundance in response to limited nitrogen.  With the second 
experiment, I used qRT-PCR to examine how Ailanthus leachates impact the abundance 
of CHS and CHI transcripts in Trifolium roots.  Based on my greenhouse investigation, I 
concluded that nodulation increased in Trifolium exposed to Ailanthus soil leachates.  
Therefore, I predicted Ailanthus soil leachates would result in an increase in transcript 
abundance of CHS and CHI in Trifolium root tissues as flavonoid production is required 
for initiation of nodulation. 
 
Methods  
CODEHOP Primer Design 
 Transcript abundance can be monitored using qRT-PCR.  The Trifolium 
genome remains largely unsequenced and the availability of legume-derived amino acid 
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sequence determined which genes involved in flavone synthesis I could monitor.  I 
designed consensus-degenerate hybrid oligonucleotide primers (CODEHOP) to amplify 
target transcripts using gene sequences of closely related legumes (Rose et al. 2003).  
CODEHOP primers are designed from conserved sequence blocks of amino acid 
sequences and amplify the target sequences between these blocks.  A CODEHOP primer 
consists of a pool of primers with conserved sequence at the 5’ end but a different 
sequence in the 3′ degenerate core region so that each primer provides a possible 
combination of codons encoding a targeted amino acid motif (Rose et al. 2003).  CHS, 
CHI, Elongation factor 1-α (EF1-α) and β-actin were chosen as the genes to be partially 
sequenced, with EF1-α and β-actin as potential qRT-PCR normalizers (Crockard et al. 
2002; Paolocci et al. 2005; Combier et al. 2007).  From the sequences of DNA amplified 
with CODEHOP primers it would be possible to develop primers for qRT-PCR.  
Accession identification numbers for amino acid sequences used to design CODEHOP 
primers are provided (Table VI, Appendix).   
 Sequences were entered into the Fred Hutchinson Cancer Research Center block 
maker program at http://blocks.fhcrc.org/blocks/make_blocks.html which aligns blocks 
of conserved amino acid sequences.  CODEHOP primers were designed by entering 
aligned blocks of conserved amino acid sequences into the iCODEHOP program 
developed by the Department of Biomedical Informatics at the University of Pittsburgh at 
http://dbmi-icode-01.dbmi.pitt.edu/i-codehop-context/Welcome.  From the sequences 
aligned by iCODEHIOP, I used PrimerSelect program (Lasergene 6, DNAStar, Inc., 
Madison, WI) to select a primer pair with the greatest ΔG to prevent primer hairpins, 
lowest possibility of primer-dimer formation, and the largest possible PCR product to 
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provide sufficient sequence from which to design qRT-PCR primers.  CODEHOP 
primers for the genes of interest (GOI) were synthesized by Integrated DNA 
Technologies (Coralville, IA; Table 2).   
 
Table 2:  CODEHOP primer sequences for the four genes of interest.  β-actin was previously 
sequenced for Trifolium (Accession ID AY372368) and, therefore, primers are not CODEHOP.  R 
codes for A or G; Y codes for C or T; H codes for A, C or T; D codes for A, G or T and N codes for 
any nucleotide.    
 
Primer ID CODEHOP Primer Sequence (5′ - 3′) 
Product Size 
(base pair) 
CHS Forward GTAAGGAAGCTGCTGTTAAGGCTATHAARGARTGG 717 
CHS Reverse AATAAAAAGAACACAAGCAGAAGACATRTTNCCRTA  
CHI Forward GAAAGAGGTCTGACTATTGAAGGTAAGTTYATHAARTTYA 1098  
CHI Reverse TGGAGAAACAGCATGTTCACCDATCATNGT  
EF1α Forward CCAATTTCTGGTTTTGAAGGTGAYAAYATGAT 759  
EF1α Reverse TTAGTAACCTTAGCACCAGTTGGATCYTTYTTYTC  
β-Actin Forward CCTCATGCCATTCTTCGTTT 302  
β-Actin Reverse GCAGCTTCCATTCCAATCAT  
     
Extraction of Genomic DNA from Clover 
 Approximately 300 Trifolium seeds were germinated in vermiculite contained in a 
10 cm x 10 cm x 4 cm Tupperware container.  The seedlings were grown for three weeks 
to ensure ample biomass and shoots were harvested into liquid nitrogen, avoiding the 
cotyledons.  Using a DTAB process modified from Gustinich et al. (1991), 12.3 µg of 
genomic DNA was extracted from 1 g of Trifolium shoots.   
Touchdown PCR 
 I used Touchdown PCR to amplify the genes of interest (GOI) from genomic 
DNA using the CODEHOP primers.  The annealing temperatures of the cycles began at 
65˚C and decreased by 1 ˚C for the next 20 cycles.  These first 20 cycles were followed 
by 30 cycles of PCR with a constant annealing temperature of 57 ˚C, resulting in 
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amplification of only the target product.  Ex Taq polymerase (Takara Bio, Inc., Otsu, 
Shiga, Japan; catalog number RR001A) was used to amplify 40 ng of genomic DNA in a 
25 µl Touchdown reaction and the amplified product was visualized with an agarose gel, 
confirming specificity of each primer pair (Figure I, Appendix).  In order to isolate 
enough product for cloning into a plasmid vector, a second 75 µl Touchdown reaction 
was run and the amplified product excised from a preparative agarose gel.  DNA 
fragments within the gel were visualized using long-wave UV light to prevent 
degradation of amplified product.  The PCR product was purified using Promega’s 
Wizard Gel & PCR Cleanup System (Promega Corporation, Madison, WI; catalog 
number A9280).    
Cloning into Bacterial Plasmid 
 Purified DNA from each of the three genes amplified with CODEHOP primers 
was ligated into the pGEM plasmid (Promega pGEM®-T Easy Vector System, Promega 
Corporation, Madison, WI; catalog number A1380) at a target insert to vector ratio of 
8:1.  The ligations were then transformed into JM109 High Efficiency Competent Cells 
(Promega Corporation, Madison, WI; catalog number L2001) and plated on LB/Amp 
plates with Xgal/IPTG for blue-white screening.  Cells were incubated on the plates at 21 
˚C for 1 hour then incubated at 4 ˚C for 24 hours.  A PCR screen of selected white 
colonies using the T7 (5′-TAATACGACTCACTATAG-3′) and SP6 (5′-
ATTTAGGTCACACTATAG-3′) primers identified colonies used for preparation of 
sequencing templates. 
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Sequencing and qRT-PCR Primer Design 
 Selected colonies were grown in LB/AMP liquid cultures, the plasmids were 
purified using QIAprep Spin Miniprep (Qiagen, Inc., Valencia, CA; catalog number 
27104), and the inserts were sequenced (University of Michigan Sequencing Core).  
Edited GOI sequences were aligned and translated using the SDSC WorkBench 
(Department of Bioengineering, University of California San Diego, San Diego, CA).  A 
BLAST search of the derived amino acid sequence for each gene confirmed the identity 
of the sequences and identified introns only in the CHI sequence.  The qRT-PCR primers 
for CHI were designed to bridge the introns by complementing the exon sequences 
flanking the intron, thereby preventing the amplification of possible contaminating 
genomic DNA.  In all cases, primers were designed to amplify a product between 100 
and 400 bp long as recommended in Introduction to QPCR guide (IN 70200B Agilent 
Technologies, Inc., Santa Clara, CA).  The qRT-PCR primers for each GOI were 
designed to be around 20 b long (Table 3). 
 
Table 3:  qRT-PCR primer sequences for all four genes of interest.   
Primer ID Sequence (5′ - 3′) Product Size (bp) 
CHS Forward TGCTCCAGACAGTGAAGGT 196  
CHS Reverse GTCTAAAATTGCAGGTCCAC  
CHI Forward CAGAGACATCATTTCAGGTCCC 296 
CHI Reverse TCTGGTATACTTGCGTCTTGTG  
EF1α Forward AGAGACCCTCAGACAAGCC 173 
EF1α Reverse TGGTGCATCTCAACAGACTT  
β-actin Forward CCTCATGCCATTCTTCGTTT 302 
β-actin Reverse GCAGCTTCCATTCCAATCAT  
  
 
 There were multiple versions of each gene of interest because there were multiple 
colonies sequenced and each of the sequenced genes of interest had several versions of 
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due to the harvest of genomic DNA from a population of Trifolium.  It is likely that these 
different sequences represented multiple alleles of each GOI, all encoding the same 
amino acid sequence.  It is also possible that differences in sequence represent different 
genes as both CHS and CHI occur as gene families in legumes (Akada and Dube 1995; 
Shimada et al. 2003; Zabala et al. 2006).  The reason for difference in insert sequence is 
beyond the scope of this investigation; however, qRT-PCR primers were designed to 
complement regions where there was no discrepancy between the sequences, ensuring 
that amplification in qRT-PCR is an accurate representation of transcript abundance for 
this gene – though potentially each gene in the family – and not simply abundance of a 
particular allele.   
Nutrient qRT-PCR Experiment 
 A nutrient experiment was designed to compare transcript abundance of CHS and 
CHI in Trifolium roots grown in nitrogen-limited and non-limited conditions (Figure 8). 
 
 
 
Figure 8:  Design of nutrient qRT-PCR experiment.  Two biological replicates 
of Trifolium grown in nitrogen-limited and nitrogen-rich conditions were harvested 
every three days beginning three days after initial treatment with nitrogen-limited 
nutrient solution.   
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Trifolium was grown hydroponically in 1 ml pipette tips filled with vermiculite.  
The pipette tips were placed in pipette tip boxes and DI water added to maintain contact 
with the tip, ensuring ideal moisture of the vermiculite. Seeds were surface sterilized by 
washing with half bleach and half water solution with one drop of Tween 20 (Sigma-
Aldrich Co., Saint Louis, MO) and agitated for 15 minutes at 80 rpm on a DS-500 orbital 
shaker (VWR Inc., Westchester, PA).  The seeds were then rinsed 10 times with DI water 
and a single seed placed into each pipette tip for a total of 1200 pipette tips in 12 boxes.  
Trifolium was grown under 14 hours of light per day at intensities of 150 µmol photons 
m
-2
s
-1
.  The average temperature was 21 ˚C and average humidity was approximately 
45%.  Approximately 80% of the seeds germinated within 48 hours and non-viable seeds 
were removed.  All Trifolium received only DI water for the first seven days, and water 
levels within the pipette boxes were maintained with DI water.  After seven days, a high-
nitrogen Evans solution as described by Huss-Danell (1978; Table 4) was added to all 
boxes.   
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Table 4: Components in the Evans nutrient 
solution  
 
Reagent Concentration 
NH4NO3 7.1  mM               
MgSO4* 7H20 2.00  mM  
K2SO4 1.60  mM 
K2HPO4 0.833  mM 
CaSO4* 2 H20 0.600  mM  
CaCl2* 2 H20 0.500  mM  
KH2PO4 0.169  mM 
FeCl3* 6 H20 17.9 µM  
Na2 EDTA* 2 H20 16.9 µM  
H3BO3 23.1 µM 
MnSO4* H20 4.6 µM  
ZnSO4* 7 H20 0.8 µM  
CuSO4* 5 H20 0.3 µM  
Na2MoO4* 2 H20 0.2 µM  
CoSO4* 7 H20 0.5 µM 
  
At 14 and 21 days post-germination, the water in each box was removed and a 
fresh nutrient solution was added.  After 21 days, there was an estimated 1 g of root 
tissue emerging from pipette tips in each tray.  At 24 days post-germination, the 12 boxes 
of Trifolium were divided into two groups:  (1) those that would continue to receive a 
nitrogen-rich nutrient solution containing NH4NO3 at 7.1 mM and (2) those groups that 
received NH4NO3 at 0.071 mM to initiate nitrogen-limited conditions.  Four boxes of 
Trifolium – two from each of the two treatment group – were harvested three days after 
initiation of treatment.  Root tissue was excised directly into liquid nitrogen and 
immediately stored at -80 ºC until RNA extraction.  The nutrient solution was replaced in 
the remaining eight boxes, maintaining nutrient levels of the respective groups.  Six days 
after initiation of treatment, four more boxes were harvested, two from each treatment 
group, and the nutrient solution replaced in the remaining four boxes.  Finally, nine days 
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after initiation of treatment, the remaining four boxes were harvested.  Thus, harvest 
events occurred at three, six and nine days after treatment with nitrogen-limited solution, 
with two boxes, or biological replicates, of Trifolium being harvested from each group at 
each event.      
 To quantify differences in transcript abundance for the target genes, qRT-PCR 
was performed using total RNA isolated from Trifolium grown in the nutrient 
experiment.  Total RNA was isolated using RNeasy Plant Mini Kit (Qiagen, Inc., 
Valencia, CA; catalog number 74904) which included an on-column DNAse step to 
avoid genomic DNA contamination.  Two µg of each RNA population was run on a 
glyoxal gel in order to quantify RNA, confirm the quality of RNA, and to confirm the 
absence of genomic DNA (Figure II, Appendix).  A PCR screen using the qRT-PCR 
primers to amplify RNA from each sample confirmed the absence of contaminating 
genomic DNA (Figure III, Appendix).  Messenger RNA (mRNA) was converted into 
complementary DNA (cDNA) using the High Capacity cDNA Reverse Transcription Kit 
(Applied Biosystems, Life Technologies Corporation, Carlsbad, CA; catalog number 
4368814).  Reverse transcription reactions were performed in triplicate and pooled to 
account for potential differences in synthesis efficiency.  Successful reverse transcription 
was confirmed by using qRT-PCR primers in a standard PCR reaction and the product 
was run on an agarose gel electrophoresis (Figure IV, Appendix).   
 The cDNA served as a template for amplification in qRT-PCR using the 
Brilliant® II SYBR® Green QPCR Master Mix (Agilent Technologies, Inc., Santa Clara, 
CA; catalog number 600820).  Reactions were performed in a 3000mx Stratagene 
ThermoCyclerT and results analyzed using MxPro™ software (Agilent Technologies, 
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Inc., Santa Clara, CA).  The primer efficiency was determined to be between 90 and 
100% for each GOI (Table VII, Appendix) by using a series of tenfold template dilutions 
with each reaction run in triplicate (Introduction to QPCR, IN 70200B, Agilent 
Technologies, Inc., Santa Clara, CA).  A template dilution of 1:100 was selected based on 
a normalizer cycle threshold (Ct) value around 20 cycles.  To select one normalizer from 
the two potential options (EF1-α and β-actin), an independent samples t-test was used to 
determine if there was a significant difference in mean Ct values of each potential 
normalizer between treatment and control groups. Mean Ct values for β-actin in the 
treatment group were significantly lower compared to the treatment group (p < 0.05), 
indicating increased transcript abundance.  EF1-α was selected as a suitable qRT-PCR 
normalizer as no significant difference existed in Ct values of EF1-α between treatment 
and control groups (P > 0.71, Table VIII Appendix).   
For comparative quantitation, treatment and control groups from the same harvest 
period were amplified in the thermocycler at the same time with each reaction run in 
triplicate using EF1-α as the normalizer gene.  I used the equation for efficiency-
corrected comparative quantitation: relative quantity to the control = ((1 + EGOI)
∆CtGOI 
) / 
((1 + Enorm)
∆Ctnorm
).  EGOI = efficiency of the target assay; Enorm = efficiency of the 
normalizer assay; and ∆Ct = (CtControl – CtTreatment).  PCR conditions were 10 min at 95 ºC, 
followed by 40 cycles of three stages: denaturing at 95 ºC for 30 seconds, annealing at 56 
ºC for 30 seconds and extending at 72 ºC for 30 seconds.  The specificity of the PCR 
amplification was checked with a dissociation analysis at the end of qRT-PCR (Figure V, 
Appendix) and by agarose gel electrophoresis (Figure VI, Appendix).  Amplified 
products were of the expected size (Figure VI, Appendix).  There were primer-dimers 
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visible in the gel photographs, at around 100 bp in several of the samples, suggesting that 
the annealing temperature was not ideal.  However, primer-dimer formation was not 
indicated in the dissociation curve (Figure V, Appendix).  The lack of evidence for 
primer-dimer formation in the dissociation curves suggests it likely had little impact on 
the quantitation of transcript abundance.   
Ailanthus qRT-PCR Experiment 
 To investigate the effects of Ailanthus soil leachates on transcript abundance of 
CHS and CHI, Trifolium were again grown in 1 ml pipettes.  The experiment was 
designed with a total of 30 boxes of Trifolium grown for three treatment groups with five 
harvest times and two boxes – each a biological replicate – per harvest time per each of 
the three treatment groups (Figure 9).   
 
 
 
Figure 9:  Design of Ailanthus qRT-PCR experiment.  Two biological replicates of 
Trifolium were harvested 1, 5, 24, 72 and 144 hours post-treatment with Ailanthus soil 
leachates.   
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 After receiving DI water for the first seven days, each group was grown in the 
complete Evans solution previously described.  Of the three treatment groups, one 
received Ailanthus soil leachates, another received Ailanthus soil leachates filtered 
through activated charcoal to remove biologically active organic compounds, and the 
final control group received DI water instead of leachates.  The Ailanthus used for this 
portion of the experiment were 20 months old and had been watered weekly with DI 
water and fertilized monthly with Dyna-Gro Grow solution as described in Chapter 1 
Methods.  To collect leachates, each Ailanthus seedling was watered with 150 ml of DI 
water; the leachates discharged from the bottom of each pot were collected, pooled and 
applied to corresponding treatment groups of Trifolium.  Each group of Trifolium 
received 50 ml of stock Evans nutrient solution diluted into 350 ml of corresponding 
treatment solution:  unfiltered leachates, leachates filtered through activated carbon or DI 
water.  Ailanthus soil leachates were filtered by soaking in activated carbon (CKV4 
Carbon, Can Filter, Nelson, B.C. Canada) at the rate of 1 L of leachates to 1 L of carbon 
for 15 minutes and then passing through an Extractor® carbon filter (Schleicher & 
Schuell BioScience, Dassel, Germany).  Filtered leachates were then applied to 
corresponding groups of Trifolium. 
 Two boxes from each treatment group were harvested at 1, 5, 24, 72, and 144 
hours post-treatment.  After 72 hours, only two boxes of Trifolium in each treatment 
group remained.  The water was changed and the treatment re-applied in order to 
maintain nutrient levels.  The remaining groups were then harvested at 144 hours post-
treatment.  Roots from each group were harvested and RNA was purified and quantified 
as described above.  Two µg of each RNA population was run on a glyoxal gel in order to 
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quantify RNA, confirm the quality of RNA, and to confirm the absence of genomic DNA 
(Figure VII, Appendix).  RNA samples were then again confirmed to be free of 
contaminating genomic DNA using qRT-PCR primers (Figure VIII, Appendix).  The 
mRNA was converted to cDNA with a High Capacity cDNA Reverse Transcription Kit 
(Applied Biosystems, Life Technologies Corporation, Carlsbad, CA; catalog number 
4368814) and confirmed by amplification using qRT-PCR primers (Figure IX, 
Appendix).  The amplification efficiency of each gene was determined (Table IX, 
Appendix) using an annealing temperature of 57ºC (instead of 56ºC) because of the 
presence of primer dimers in the nutrient qRT-PCR experiment.  A one-way ANOVA 
was performed on Ct values for EF1-α using a cDNA dilution of 1:10 to confirm that 
there was no significant difference between mean EF1-α Ct values of samples from 
different treatment groups (P > 0.41, Table X Appendix).   
For comparative quantitation, treatment and control groups from the same harvest 
period were amplified in the Thermocycler at the same time with each reaction run in 
triplicate using EF1-α as the normalizer gene.  Except for the annealing temperature, 
PCR conditions were the same as described above.  The specificity of the PCR 
amplification was checked with a dissociation analysis after qRT-PCR and by agarose gel 
electrophoresis which revealed that the products were of the expected size (Figure X, 
Appendix).   An unexpected band in the sample from 24 hour harvest period indicates 
that there was cDNA in the EF1-α no template control (NTC) (Figure X[C], Appendix).  
However, the amplification plot of the NTC indicates that amount of contamination did 
not significantly influence the Ct values of the treatment groups (Figure XI[A], 
Appendix).   
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In some cases, the technical replicates obtained by running the reactions in 
triplicate were disparate with differences in Ct values greater than one unit.  In these 
instances, when the two most similar technical replicates were within one Ct unit, and the 
third was more than one Ct unit from the next closest replicate, the third replicate was 
considered an outlier and omitted.  The omission of a technical replicate was represented 
in a second graph for that particular GOI (Figures 11, 12 and 13).  
 
Results 
Nutrient qRT-PCR Experiment 
 The nutrient experiment investigated whether nitrogen-limited conditions caused 
changes in the abundance of CHS and CHI transcripts in Trifolium roots.  Three days 
after the initiation of nitrogen-limited growing conditions, both biological replicates 
showed a decrease in CHS transcript abundance and were an average of 65% lower than 
the high-nitrogen control group (Figure 10).  At six and nine days post-treatment, 
however, CHS transcript abundance increased relative to the control group (Figure 10).  
By six days post-treatment, CHS transcript abundance in the nitrogen-limited treatment 
group was at its highest level – an average of 82% greater than that of the control group.  
The last harvest period, nine days post treatment, showed a slight decrease in CHS 
abundance from day six but the levels were still 72% greater than the control group 
(Figure 10). The biological replicates were always in agreement for CHS transcript 
abundance as both were either increased or decreased relative to the control groups.   
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Figure 10:  Relative transcript abundance of CHS 
in Trifolium roots from nutrient qRT-PCR 
experiment.  Bars represent two biological replicates 
at each harvest period receiving nitrogen-limited 
treatment as compared to control groups receiving 
nitrogen-rich nutrients (dashed line).  Each biological 
replicate is the pooled value of three technical 
replicates.  Error bars represent one standard error of 
the technical replicates.  Relative transcript 
abundance levels were normalized to EF1-α.  No 
technical replicates were omitted.  
 
 
 The average relative abundance of CHI transcripts increased at all three harvest 
times in the nitrogen-limited treatment groups (Figure 11).  CHI transcript abundance at 
three days post-treatment was 45% greater in the treatment than the control.  However, 
there was no consensus between the replicates as the first biological replicate showed 
essentially no difference relative to the control while the second replicate had nearly 
twice the CHI transcript levels of the control (Figure 11).  Such discrepancies prevented 
pooling of biological replicates throughout the qRT-PCR investigations.   
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 The greatest abundance of CHI transcript occurred at six days post-treatment, an 
average of 72.5% greater than transcript abundance in the control group (Figure 11A).  
When an outlier technical replicate of CHI was removed from the six day sample, the 
average transcript abundance of the two biological replicates was 92.4% greater than the 
control (Figure 11B).  At nine days post-treatment, one of the biological replicates had 
double the level of CHI as compared to the control – the other replicate showed no 
difference from the transcript levels of the control groups.  On average, the treatment 
groups at nine days post-treatment possessed 25.5% more CHI transcripts than the high-
nitrogen controls (Figure 11A); however, when an outlier technical replicate was 
removed from that group, limited nitrogen caused CHI transcript abundance to increase 
on average by 44.2% (Figure 11B).   
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Figure 11:  Relative transcript abundance of CHI in 
nitrogen-limited Trifolium roots.  Bars represent two 
biological replicates at each harvest period receiving 
nitrogen-limited treatment as compared to control 
groups receiving nitrogen-rich nutrients (dashed line).  
Each biological replicate is the pooled value of three 
technical replicates (A).  Outlier technical replicates 
were removed to improve interpretations (B).  Error 
bars represent one standard error of the technical 
replicates.  Relative transcript abundance was 
normalized to EF1-α.    
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Ailanthus qRT-PCR Experiment 
 To investigate a potential explanation for increased nodulation in Trifolium, levels 
of CHS and CHI transcripts were monitored in Trifolium roots exposed to Ailanthus soil 
leachates.  Both filtered and unfiltered Ailanthus soil leachates were applied in order to 
determine if activated carbon was effective at removing the biologically active organic 
compounds from Ailanthus soil leachates.  Unfiltered Ailanthus soil leachates 
consistently caused a decrease in the transcript abundance of CHS (Figure 12).  The 
lowest levels of CHS transcript occurred 72 hours after treatment with unfiltered 
leachates and were an average of 47% of the control transcript levels (Figure 12).  With 
the exception of 5 hours post-treatment (Figure 12A) and 144 hours post-treatment 
(Figure 12B), both biological replicates were in agreement with regard to trends in 
treatment effects.   
 Filtered Ailanthus soil leachates caused a decrease in CHS transcript abundance 
compared to the control group except at 144 hours post-treatment when filtration led to a 
51% increase in CHS transcript levels (Figure 12).  This was the only observed increase 
in CHS transcript abundance in roots treated with Ailanthus soil leachates, filtered or not.  
Removal of outlier technical replicates generally clarified the trend of decreased CHS 
transcript abundance as a result of exposure to Ailanthus soil leachates.   
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Figure 12:  Relative transcript abundance of CHS in Trifolium roots treated 
Ailanthus soil leachates.  Bars represent biological replicates receiving filtered 
or unfiltered leachates as compared against control groups receiving DI water 
(dashed line).  Each biological replicate is the pooled value of three technical 
replicates (A).  Outlier technical replicates were removed to improve 
interpretations (B).  Error bars represent one standard error of the technical 
replicates.  Relative transcript abundance was normalized to EF1-α. 
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The abundance of CHI transcript decreased in Trifolium treated with either filtered 
or unfiltered Ailanthus leachates until 144 hours after initial exposure to Ailanthus 
(Figure 13).  At 144 hours, the average relative quantity of CHI transcript was 63% and 
115% greater than the control for Trifolium receiving unfiltered and filtered leachates, 
respectively.  Levels of CHI transcript were lowest compared to the control group at 72 
hours post-treatment for groups treated either with filtered or unfiltered leachates.  There 
were discrepancies between biological replicates of groups harvested at 5, 24, and 144 
hours post treatment (Figure 13A).  Removal of an outlier technical replicate in the first 
biological replicate of Trifolium receiving unfiltered Ailanthus soil leachates resolved the 
discrepancy at 5 hours post-treatment (Figure 13B).  At 144 hours post-treatment (Figure 
13), the second biological replicate receiving unfiltered leachates had nearly double the 
abundance of CHI transcript compared to the first replicate.  Omission of the outlier 
technical replicate somewhat clarified the trend of decreased CHI transcript abundance as 
a result of exposure to Ailanthus soil leachates (Figure 13B).  
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Figure 13:  Relative transcript abundance of CHI in Trifolium roots treated 
Ailanthus soil leachates.  Bars represent biological replicates receiving filtered 
or unfiltered leachates as compared against control groups receiving DI water 
(dashed line).  Each biological replicate is the pooled value of three technical 
replicates (A).  Outlier technical replicates were removed to improve 
interpretations (B).  Error bars represent one standard error of the technical 
replicates.  Relative transcript abundance levels were normalized to EF1-α. 
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Discussion  
 
Nutrient qRT-PCR Experiment 
 In order to support results from the Ailanthus qRT-PCR experiment, it was 
important to confirm the role of CHS and CHI as enzymes involved in flavonoid 
production in Trifolium.  Nitrogen limitation increases flavonoid production in legumes 
(Peters and Verma 1990; Verma 1992), hence the genes encoding enzymes that regulate 
flavonoid production are also influenced by nitrogen levels (Coronado et al. 1995).  CHS 
and CHI are critical enzymes involved in the synthesis of flavones released by legumes 
and are essential for nodulation (Stafford 1990; Coronado et al. 1995; Winkel-Shirley 
2001).  Miyake et al. (2003) showed a 4 fold increase of CHS expression in the roots of 
Lotus japonicas 12 days after initiating nitrogen limited conditions.  Coronado et al. 
(1995) demonstrated that exposure to nitrogen-limited conditions led to increased levels 
of CHS transcript in Medicago sativa roots with the greatest increase occurring six days 
after initial treatment.  Similarly, in my study nitrogen-limited conditions caused the 
greatest increase in CHS and CHI transcript abundance – nearly double the levels of the 
control – six days after exposure to nitrogen-limited nutrient solutions.  I found an initial 
decrease of CHS transcript abundance three days after initial exposure to nitrogen 
limitation which was contrary to results mentioned by other studies.  Levels of CHS 
transcripts increased at all other harvest times, presumably reflecting the importance of 
this enzyme in flavonoid synthesis.  I felt comfortable concluding that CHS and CHI 
were involved in the synthesis of molecules that solicit rhizobia after confirming that 
Trifolium responds to limited-nitrogen conditions by increasing the abundance of 
transcripts encoding these two enzymes.  Thus, I predicted that transcript abundance for 
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these enzymes would be increased in response to Ailanthus, which increased nodulation 
of Trifolium.    
Ailanthus qRT-PCR Experiment  
 The results from the greenhouse experiment allowed me to conclude that 
Ailanthus soil leachates – and not Trifolium’s access to nutrients – led to increased 
Trifolium nodulation.  I hypothesized that Ailanthus soil leachates altered expression 
along the flavonoid pathway in treated Trifolium.  I predicted Trifolium roots exposed to 
Ailanthus soil leachates would display increased abundance of transcripts encoding CHS 
and CHI considering the role of the two enzymes in rhizobia solicitation and nodule 
development.  My hypothesis posited that groups treated with Ailanthus had greater 
probability of being nodulated because flavone production was increased.  The results, 
however, did not support this hypothesis.   
The abundance of CHS transcripts in Trifolium roots treated with unfiltered 
Ailanthus leachates decreased relative to the control groups at each harvest time: 1, 5, 24, 
72, and 144 hours after treatment.  With the exception of the last harvest period, 
Trifolium treated with leachates filtered through activated carbon showed little difference 
in CHS transcript abundance as compared to those Trifolium receiving unfiltered 
leachates.  These results were counterintuitive as I predicted carbon filtration would 
remove active compounds presumed to be released into the soil by Ailanthus.  Filtered 
Ailanthus soil leachates increased CHS abundance in the last group of Trifolium 
harvested, indicating that a longer treatment period with lower concentrations of 
leachates may lead to increased transcript abundance.  Whether or not Ailanthus soil 
leachates were filtered, levels of CHI transcripts increased only at 144 hours post 
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treatment.  Even at this final harvest time, only one of the biological replicates receiving 
unfiltered leachates expressed increased CHI abundance.   
While I did not observe a consistent increase in CHS and CHI transcript 
abundance in response to Ailanthus soil leachates, the pattern was similar to that observed 
in the nutrient qRT-PCR experiment.  At 144 hours post-treatment with Ailanthus soil 
leachates, the relative abundance of CHS transcripts decreased while abundance of CHI 
transcripts increased.  This pattern of opposing levels of CHS and CHI transcript 
abundance was also evident in the nutrient qRT-PCR experiment three days after 
beginning treatment with limited nitrogen.  At that time, levels of CHS transcript were 
decreased compared to the control while levels of CHI transcript increased, leading me to 
suggest a delayed but similar pattern in Trifolium’s response to Ailanthus soil leachates.  
One potential explanation for decreased CHS and CHI transcript levels is that the 
increase in CHS and CHI transcript abundance was delayed and would have been 
apparent in an experiment with a longer duration.   
The lack of a clear increase in levels of CHS and CHI transcript does not exclude 
the possibility of an eventual increase in flavonoid production as a response to Ailanthus.  
The Trifolium plants in the greenhouse experiment were treated with Ailanthus soil 
leachates for eight weeks compared to the six days of treatment in the Ailanthus qRT-
PCR experiment.  The Trifolium response that led to increased nodulation in the 
greenhouse study may not have occurred within the first 144 hours after exposure to 
Ailanthus.  Die et al. (2009) demonstrated CHS transcription levels in Medicago 
truncatula increased at 15 and 35 days post-inoculation with an obligate root parasite, 
Orobanche crenata Forsk.  Though both M. truncatula and Trifolium are legumes, the 
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connection between the M. truncatula response to a parasitic plant and the Trifolium 
response to an allelopathic plant is tenuous.  Considering so little is known about legume 
response to allelopathy, it seems necessary to expand the scope of the investigation by 
monitoring changes in transcript abundance at several different time points.  The 
greenhouse experiment detailed Trifolium’s response to Ailanthus at the end of an eight-
week period.  Monitoring transcript abundance over a similar period of time may clarify 
Ailanthus’ impact on flavonoid production in Trifolium.   
The decreased CHS transcript abundance observed across all harvest times – 
except in one biological replicate at 144 hours post-treatment – may offer a mechanism 
that resolves how Ailanthus stimulated nodulation in the greenhouse experiment while 
causing decreased transcript abundance of CHS in the qRT-PCR experiment.  CHS 
catalyzes the first committed step of flavonoid production and the observed decrease in 
CHS abundance across all harvest times may lead to a reduction of flavonoid synthesis 
(Stafford 1990; Dixon and Steele 1999; Winkel-Shirley 2001).  Plants release flavonoid 
compounds into the rhizoshpere for a variety of functions, including solicitation of 
rhizobia, defense against pathogenic microbes (Pankhurst and Biggs 1980; Dakora et al. 
1993; Zhang et al. 2007), and mitigating the effects of allelopathic compounds exuded by 
neighboring plants (Alford et al. 2009).  These increases in flavonoid production are 
typically accompanied by increased expression of genes along the flavonoid pathway 
(Bais et al. 2003; Zabala et al. 2006).  Conversely, Ailanthus leachates caused decreased 
transcript abundance of CHS and CHI, thereby potentially limiting total flavonoid 
production.   
 48 
 
The potential suppression of the defense pathway offers a plausible explanation 
for increased nodulation in Trifolium even though less signaling to symbiotic rhizobia 
occurred.  Legumes initiate nodule formation under nitrogen-limited conditions by 
releasing flavones that solicit symbiotic rhizobia.  However, nodulation can occur even 
when rhizobia are unsolicited by the legume, leading to the host plant’s expenditure of 
calorically expensive photosynthates for little or no fixed nitrogen in return (Mathesius et 
al. 2000; Denison and Kiers 2004).  Legumes limit access of parasitic rhizobia by 
releasing defense flavonoids (van Brussel et al. 1990; Recourt et al. 1991; Dakora et al. 
1993).  Therefore, a reduction in transcript abundance of CHS and CHI would reduce 
signaling to beneficial rhizobia while potentially causing susceptibility to parasitic 
rhizobia (Winkel-Shirley 2001; Stafford 1990).  With the data at hand, I hypothesize that 
the increased nodulation observed in the greenhouse study was not due to increased 
signaling to mutualistic rhizobia, but may instead have occurred due to decreased ability 
to defend against parasitic rhizobia as a result of allelopathic compounds released by 
Ailanthus.  Support for this hypothesis requires determining the functionality of the 
nodules which was beyond the scope of this investigation.   
Complicating any reconciliation of increased nodulation and decreased levels of 
target transcripts is the presence of pink nodules only on Trifolium treated with leachates 
from Ailanthus.  The pink hue in nodules indicates the presence of leghemoglobin and 
fixation of atmospheric nitrogen (Khetmalas and Bal 2005; Madsen et al. 2010).  The 
greenhouse experiment resulted in pink nodules on six of the 117 individual Trifolium 
that were exposed to Ailanthus.  No other factor seemed to cause pink nodules.  Multiple 
species of rhizobia can infect an individual legume (Dowling and Broughton1986; 
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Denison 2000; Kiers et al. 2003) and even individual nodules can be occupied by 
multiple strains of rhizobia (Rolfe and Gresshoff 1980; Demezas and Bottomley 1986).  
Therefore, it is difficult to extrapolate the contents of the pink nodules in terms of 
symbiotic and parasitic rhizobia, though the anaerobic conditions necessary for nitrogen 
fixation are likely present as evidenced by the pink color.  Further, white nodules may 
have simply been immature and may have developed into pink, nitrogen-fixing nodules if 
given enough time (Khetmalas and Bal 2005).  Quantifying the nitrogen-fixing capacity 
of legumes exposed to Ailanthus will reduce the need for such speculation.   
There are other potential explanations for the unexpected decreased levels of CHS 
and CHI transcripts in response to Ailanthus.  The Ailanthus used in the molecular 
investigation were 20 months old while those used in the greenhouse study were the same 
plants at six months old.  The age difference of Ailanthus in the greenhouse and 
molecular investigations may be a determining factor as younger individuals have a 
greater allelopathic capacity (Lawrence et al. 1991).  Furthermore, the leachates collected 
for the different experiments were combined with different nutrients stocks.  The 
leachates for the greenhouse experiment were combined with the DynaGro fertilizer – 
which has a lower nitrogen to phosphorous ratio – while the leachates collected for the 
Ailanthus qRT-PCR experiment were combined with the Evans nutrient solution.  This is 
a potential problem as differences in a plant’s access to macronutrients alter plant 
flavonoid content (McClure 1975; Murali and Teramura 1985; Nair et al. 1991).  Such an 
oversight complicates interpretations.   
The genes examined – CHS and CHI – may have limited my acuity regarding 
Ailanthus’ impact on nodulation.  These genes both belong to gene families and there are 
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many copies of these genes (Akada and Dube 1995; Shimada et al. 2003; Zabala et al. 
2006), each potentially with different functions in different tissues at different stages of 
development (Tuteja et al. 2004).  I was unable to quantify the relative amounts of the 
gene family members; therefore, variability of individual gene copy in response to 
Ailanthus soil leachates may have complicated my interpretations.  At the time of this 
study, sequences for genes encoding enzymes more directly involved in flavone synthesis 
were not available for Trifolium.  The extensive work done on sequencing Lotus 
japonicus might make it a better candidate for future experiments.  It was, however, 
important to use Trifolium in this study as Dock and Greer (2005) demonstrated 
Ailanthus soil leachates stimulated nodulation. 
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Conclusions 
The results from these experiments are the first to conclusively indicate that 
compounds released by a plant increase nodulation in a legume.  Further, the nitrogen-
fixing capacity of these nodules was not quantified and any increase in nodulation cannot 
yet be perceived as a benefit for Ailanthus.  Stimulating nodulation is certainly 
interesting; however, the lack of a corresponding increase in CHS and CHI transcript 
abundance may suggest that Trifolium did not increase solicitation of symbiotic rhizobia.  
If the plant was not signaling to rhizobia within the first 144 hours after exposure to 
Ailanthus, then it is reasonable to conclude that these nodules would have been the result 
of unsolicited and potentially parasitic rhizobia.  Such a conclusion is a direct 
contradiction of my initial hypothesis that Ailanthus is stimulating nodulation in 
neighboring legumes as a means to increase available nitrogen.  If these nodules are not 
functional, then the rapid growth of Ailanthus on degraded soil may be independent of its 
effect on legume nodulation.     
The limited timeframe for this experiment does not rule out the potential for 
Ailanthus soil leachates to induce a consistent increase of transcript abundance of CHS 
and CHI at some point after six days.  With the exception of CHI abundance at 144 
hours, the results from my studies support the hypothesis that Ailanthus soil leachates 
cause a decrease in transcripts of genes along the flavonoid pathway in Trifolium.  CHS 
and CHI encode enzymes that function early in flavonoid production and these lead to a 
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diversity of end products.  Therefore, not only would flavone levels be influenced by 
changes in transcript abundance, but also the production of many other flavonoids.  
Importantly, the production of defense molecules may have been altered.  Thus, the 
nodules that formed in response to Ailanthus soil leachates may not have the potential to 
fix nitrogen.  While I was unable to test the functionality of the nodules, I did 
conclusively show that Ailanthus increased nodulation of Trifolium.  I propose that 
Ailanthus root soil leachates reduce the ability of neighboring plants to select against 
microbial pathogens by disrupting flavonoid production.  
Future Work 
There are several possible directions for continued research of the relationship 
between Ailanthus and its neighbors.  First, I would advise future researchers to make 
some basic modifications to my experimental setups.  With regard to the greenhouse 
experiment, I suggest growing Trifolium in pure sand, as opposed to an organic, peat-
based medium.  This would allow for easier harvest of below-ground plant materials. 
Additionally, the Dyna-Gro nutrient solution used in the greenhouse experiment was high 
in phosphates which can stimulate nodulation of legumes (Hellsten and Huss-Danell 
2000).  Therefore, I would recommend using the Evans solution described in Chapter 2 
for all future work – though any consistency between the greenhouse and molecular 
studies would have been preferred to different nutrient regimens as was the case.  
Additionally, I would consider revising the control used in the greenhouse experiment.  
The control groups of Trifolium were those treated with soil not supporting plants.  My 
greenhouse experiment failed to determine if stimulation of nodulation on Trifolium was 
unique to Ailanthus or if any other plant would have demonstrated such a trend – though 
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a search of the literature failed to yield any examples of plants stimulating nodulation in 
legumes.  I recommend using an early successional species for a control like Populus 
grandidentata which occupies an ecological niche similar to Ailanthus.  Such a control 
would also apply to the gene expression experiments which indicated that filtration of 
soil leachates through activated carbon had inconsistent impacts on the mitigating active 
compounds in Ailanthus soil leachates.  
Future experiments may also benefit from using Lotus japonicus (hereon referred 
to as Lotus) as opposed to Trifolium.  This is particularly important for any future 
molecular investigations as Lotus is largely sequenced and offers the possibility for 
investigating genome-wide changes in expression. This would enable future work to 
succinctly quantify transcript abundance of all genes involved with nodulation.  Lotus 
and Trifolium may not have an identical suite of responses to Ailanthus; however, the 
benefits of using Lotus in future research warrant its inclusion in the ongoing 
investigation of Ailanthus and its impact on nodulation of legumes. Lotus is a larger 
organism than Trifolium and would, therefore, lend itself to investigating individual plant 
response to Ailanthus instead of quantifying the response of a population of plants, as 
was done in this experiment due to limited amount of tissue available from an individual 
Trifolium.   
In the gene expression experiments, each biological replicate was actually a 
population of 75 individual Trifolium.  Preparation of each biological replicate for these 
experiments was labor intensive and made use of more than two biological replicates for 
each harvest period prohibitive.  Using a larger species such as Lotus or an older, larger 
individual Trifolium as a biological replicate would reduce the amount of work required 
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to prepare for the experiment and make it possible to have 10 biological replicates, 
allowing utilization of statistical analysis to test for significant differences.  My gene 
expression experiments suffered from the lack of replication in several instances where 
one biological replicate indicated a major difference from the control while the other 
replicate indicated no change from the control.  The costs associated with qRT-PCR were 
also prohibitive and limited the number of biological replicates.  Future investigators may 
sacrifice the number of harvest times for greater replication.  Eliminating the filtration of 
soil leachates with activated carbon from the experiment will also allow for a greater 
number of biological replicates.   
Finally, my conclusions question the functionality of nodules on plants treated 
with Ailanthus soil leachates.  Thus, I propose two tactics to clarify the functionality of 
nodules: first, sterilize the growing medium and inoculate with symbiotic strains of 
rhizobia to remove doubt about the identity of the nodule’s occupants.  The second 
approach is to quantify nitrogen fixation.  One accepted method for determining the 
degree of nitrogen fixation is to assess the relative content of symbiotically-fixed nitrogen 
to total nitrogen within plant tissues as described by Sangakkara et al. (1996) and 
Almeida et al. (2000).  By assessing the functionality of nodules, future work will more 
clearly describe the ecological consequences for increased nodulation.  Specifically, there 
is a need to investigate if increased nodulation in neighboring legumes is benefiting 
Ailanthus through increased nitrogen fixation or if Ailanthus gains a competitive 
advantage by reducing the defense capacity of neighbors – or both.   
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Appendix 
 
Tables in Appendix 
 
 
Table I:  Three-way ANOVA examining Trifolium total biomass from the 
greenhouse experiment.  Bold text indicates a significant interaction.   
 
 
Levene's Test of Equality of Error Variances(a) 
F df1 df2 Sig. 
1.807 7 225 .087 
 
 Source 
Type III 
Sum of 
Squares df 
Mean 
Square F Sig. 
Corrected Model 13.504(a) 7 1.929 54.523 .000 
Intercept 584.395 1 584.395 16516.641 .000 
Source Fertilized .000 1 .000 .009 .926 
Trifolium fertilized 11.534 1 11.534 325.995 .000 
Ailanthus application .025 1 .025 .709 .401 
Source fert * Trifolium fert 1.501 1 1.501 42.425 .000 
 
Source fert * Ailanthus app .493 1 .493 13.930 .000 
 
Trifolium fert * Ailanthus app .024 1 .024 .690 .407 
 
Source fert * Trifolium fert * 
Ailanthus app 
.009 1 .009 .257 .613 
Error 7.996 226 .035    
Total 608.144 234      
Corrected Total 21.500 233      
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Table II:  Three-way ANOVA examining shoot to root ratio of Trifolium from the 
greenhouse experiment.  Bold text indicates a significant interaction.   
 
  Levene's Test of Equality of Error Variances(a) 
F df1 df2 Sig. 
1.408 7 226 .203 
  
Source 
Type III Sum 
of Squares df 
Mean 
Square F Sig. 
Corrected Model 133.519(a) 7 19.074 21.767 .000 
Intercept 1389.064 1 1389.064 1585.134 .000 
Source fertilized 1.224 1 1.224 1.396 .239 
Trifolium fertilized 127.221 1 127.221 145.179 .000 
Ailanthus application .272 1 .272 .311 .578 
Source fert * Trifolium fert 4.192 1 4.192 4.784 .030 
Source fert * Ailanthus 
application .011 1 .011 .013 .910 
Trifolium fert * Ailanthus 
application .070 1 .070 .080 .777 
Source fert * Trifolium fert * 
Ailanthus application 1.701 1 1.701 1.941 .165 
Error 198.045 226 .876     
Total 1717.087 234       
Corrected Total 331.564 233       
 
 
 
Table III:  Binary logistic regression analysis of treatment impacts on probability 
of Trifolium nodulation.  Bold text indicates a significant interaction.   
 
Variables in the Equation B S.E. Wald df Sig. Exp(B) 
Ailanthus application 1.322 .560 5.566 1 .018 3.750 
Trifolium fertilized .568 .563 1.017 1 .313 1.765 
Source fertilized -.956 .681 1.970 1 .160 .385 
Ailanthus application by 
Trifolium fertilized 
.553 .836 .437 1 .509 1.738 
Ailanthus application by 
Source fertilized 
1.936 .900 4.625 1 .032 6.933 
Trifolium fertilized by 
Source fertilized 
.898 .863 1.084 1 .298 2.456 
Ailanthus application by 
Trifolium fertilized by 
Source fertilized 
-1.246 1.307 .909 1 .340 .288 
Constant -.916 .418 4.798 1 .028 .400 
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Table IV:  Three-way ANOVA examining nodule biomass to total biomass ratio 
of Trifolium from the greenhouse experiment.  Bold text indicates a significant 
interaction.    
 
                    Levene's Test of Equality of Error Variances(a) 
F df1 df2 Sig. 
1.884 7 119 .078 
 
Source 
Type III Sum 
of Squares df 
Mean 
Square F Sig. 
Corrected Model 7.114E-05(a) 7 1.016E-05 1.632 .133 
Intercept .001 1 .001 102.096 .000 
Source fertilized 1.265E-06 1 1.265E-06 .203 .653 
Trifolium fertilized 2.547E-07 1 2.547E-07 .041 .840 
Ailanthus application 5.053E-05 1 5.053E-05 8.114 .005 
Source fert * Trifolium fert 9.726E-07 1 9.726E-07 .156 .693 
Source_fert * Ailanthus 
application 
1.078E-06 1 1.078E-06 .173 .678 
Trifolium fert * Ailanthus 
application 
2.857E-06 1 2.857E-06 .459 .500 
Source_fert * Trifolium fert 
* Ailanthus application 6.803E-06 1 6.803E-06 1.092 .298 
Error .001 119 6.228E-06     
Total .002 127       
Corrected Total .001 126       
 
 
TableV:  Three-way ANOVA examining mean nodule biomass of Trifolium from 
the greenhouse experiment.  Bold text indicates a significant interaction.    
 
                  Levene's Test of Equality of Error Variances(a) 
F df1 df2 Sig. 
1.081 7 119 .380 
 
Source 
Type III Sum 
of Squares df 
Mean 
Square F Sig. 
Corrected Model 1.043(a) 7 .149 2.927 .007 
Intercept 1941.934 1 1941.934 38160.011 .000 
Source fertilized .020 1 .020 .384 .537 
Trifolium fertilized .292 1 .292 5.731 .018 
Ailanthus application .064 1 .064 1.262 .264 
Source fert * Trifolium fert .243 1 .243 4.768 .031 
Source fert * Ailanthus app .009 1 .009 .173 .678 
Trifolium fert * Ailanthus 
app 
.030 1 .030 .587 .445 
Source fert * Trifolium fert 
* Ailanthus app .221 1 .221 4.344 .039 
Error 6.056 119 .051     
Total 2765.972 127       
Corrected Total 7.098 126       
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Table VI:  Identity of amino acid sequences used for 
constructing CODEHOP primers.  
 
GOI Organism Accession ID 
CHS Arachis hypogaea AAU43217 
CHS Glycine max AAB01004 
CHS Glycyrrhiza uralensis ABM66532 
CHS Medicago truncatula CAC20725 
CHS Onobrychis viciifolia AAB81987 
CHS Vigna unguiculata CAA52819 
CHI Glycine max AAK69432 
CHI Glycyrrhiza uralensis ABM66533 
CHI Lotus japonicas CAD69022 
CHI Medicago sativa AAB41524 
CHI Pisum sativum AAA50174 
CHI Phaseolus vulgaris S14705 
EF1α Cicer arietinum CAA06245 
EF1α Glycine max CAA40182 
EF1α Medicago truncatula ABE91935 
EF1α Pisum sativum CAA65391 
EF1α Vicia faba CAA10847 
 
 
 
Table VII:  Primer efficiency for each gene of interest at 
annealing temperature of 56ºC. 
 
GOI Efficiency % [Forward Primer] [Reverse Primer] 
CHS 93.9 900 nM 900 nM 
CHI 95.1 300 nM 600 nM 
EF1 93.3 900 nM 900 nM 
Act 94.4 900 nM 900 nM 
 
 
 
Table VIII:  One-Way ANOVA comparing EF1-α Ct values between treatment 
groups in nutrient qRT-PCR experiment.   
 
Leven’s test for 
Equality of 
variance 
t-test for equality of means 
GOI F Sig T Df Sig (2-
tailed) 
Mean 
Difference 
Std. Error of 
Difference 
EF1-α 0.493 0.496 0.345 12 0.736 0.156 0.453 
β-actin 2.24 0.160 2.55 12 0.025 1.24 0.48 
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Table IX:  Primer efficiency for each gene of interest at 
annealing temperature of 57ºC 
 
GOI Efficiency %  [Forward Primer] [Reverse Primer] 
CHS 99.2 300 nM 300 nM 
CHI 96.0 300 nM 300 nM 
EF1 101.2 300 nM 300 nM 
Act 94.9 300 nM 300 nM 
 
 
 
Table X:  One-Way ANOVA comparing EF1-α Ct values between treatment groups in 
Ailanthus qRT-PCR experiment 
 
 Sum of Squares df Mean Square F Sig. 
Between Groups .635 2 .317 .909 .415 
Within Groups 9.425 27 .349   
Total 10.060 29    
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Figures in Appendix 
 
 
 
    
Figure I:   Product of Touchdown PCR for genes of 
interest CHS (A), CHI (B) and EF1-α (C) at expected 
sizes of 717, 1098, and 759 base pair.  Each gel has a 1kb+ 
ladder to indicate size of amplified product.  Also present on 
each gel is a no template control and in the case of CHS and 
EF1-α the no template controls indicate primer dimer 
formation at around 100 bp. 
 
 
 
 
 
 
  
 
Figure II:  RNA glyoxal gel for nutrient qRT-PCR experiment.  Bands are 
large and small ribosomal subunits.  Genomic DNA would appear above the 
bands but is absent.  Samples 0a and 0b were harvest before the beginning of 
the limited-nitrogen treatment.  Labeling indicates high or low nitrogen (H or 
L) and biological replicate (a or b). 
 
 
 
 
 
 
   
 
Figure III:  Agarose gels with RNA from nutrient qRT-PCR experiment.  The first two 
lanes are a positive (+) and negative (-) control, respectively.  The absence of bands in 
remaining lanes confirms no contaminating genomic DNA in the RNA samples.  Primer-dimer 
formation occured in some samples below 100 bp.   
 
  
A B C 
1650 bp 
1000 bp 
650 bp 
Large ribosomal 
subunit 
Small      
ribosomal subunit 
0a 0b Ha 
3 Day Samples 
Hb La Lb Ha Hb La Lb 
6 Day Samples 9 Day Samples 
Ha Hb La Lb 
0a 0b Ha Hb La Lb Ha Hb La Lb (+) (-) 
3 Day Samples 
Ha Hb La Lb 
6 Day Samples 9 Day Samples 
100 bp 
200 bp 
 68 
 
 
 
 
 
 
Figure IV:  Amplification of cDNA from nutrient qRT-PCR experiment.  CHS 
qRT-PCR primers confirmed conversion of RNA to cDNA was successful.   
 
 
 
  
  
 
 
 
Figure V:  Dissociation curves of CHS (A), CHI (B) and EF1-α 
(C) from nutrient qRT-PCR experiment.    
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Figure VI:  Agarose gel electrophoresis from nutrient qRT-PCR 
experiment.  The gels have samples harvested three are from three (A), six (B) 
and nine days (C) after exposure to Ailanthus soil leachates.  To confirm size of 
PCR product, a 1kb+ ladder is in the furthest left lane of each gel in the Figure.  
A no template control (NTC) is included for each GOI in each gel.  Labeling 
indicates the GOI (CHS, CHI and EF1-α), high or low nitrogen (H or L) and 
biological replicate (A or B).  A loading error occurred in the 6 day samples 
and the 0a and NTC for EF1-α were transposed. 
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Figure VII:  RNA glyoxal gel from Ailanthus qRT-PCR 
experiment.  Genomic DNA would appear above the bands but is 
absent.  Labeling indicates treatments (Aa: Ailanthus altissima 
leachates, Filtered: Filtered leachates and DI-water indicates treatment 
with deionized water), time harvested post-treatment (1, 5, 24, 72 and 
144 hours) as well as biological replicate (a or b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure VIII:  Agarose gel with RNA from Ailanthus qRT-PCR 
experiment.  Some primer-dimers occurred below 100 bp but the lack of 
bands indicates that contaminating genomic DNA was absent.  Labeling 
indicates treatments (Aa: Ailanthus altissima leachates, Filtered: Filtered 
leachates and DI-water indicates treatment with deionized water), time 
harvested post-treatment (1, 5, 24, 72 and 144 hours) as well as biological 
replicate (a or b). 
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Figure IX:  Amplification of cDNA from Ailanthus qRT-PCR experiment.  
CHS qRT-PCR primers confirmed conversion of RNA to cDNA was successful.  
Labeling indicates treatments (Aa: Ailanthus altissima leachates, Filtered: 
Filtered leachates and DI-water indicates treatment with deionized water), time 
harvested post-treatment (1, 5, 24, 72 and 144 hours) as well as biological 
replicate (a or b). 
 
 
 
 
  
                 
               
              
            
 
Figure X:  Agarose gel electrophoresis from Ailanthus qRT-PCR experiment.  
1 hour samples (A), 5 hour samples (B), 24 hour samples (C), 72 hour samples 
(D), and 144 hour samples (E).  To confirm size of PCR product, a 1kb+ ladder is 
in the furthest left lane of each gel in the Figure.  A no template control (NTC) is 
included for each GOI in each gel.  Labeling indicates treatment (A: Ailanthus 
altissima leachates, F: Filtered leachates and D: treatment with deionized water) as 
well as biological replicate (a or b).  
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Figure XI:  Amplification plot (A) and dissociation curve (B) for  EF1- α 
from Ailanthus qRT-PCR experiment.  The dissociation curve indicates 
that the product amplified in the no template control was the same as in the 
sample using cDNA as a template (B).   
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